Peroxidases catalyze the peroxide-dependent oxidation of a range of inorganic and organic compounds and are widely distributed throughout plants, animals, and microorganisms. They are primarily intracellular enzymes with important roles in cellular processes (10) , but extracellular peroxidases involved in the degradation of complex organic compounds have also been described. The white-rot basidiomycete Phanerochaete chrysosporium secretes a complex array of peroxidases during secondary metabolism, and their characterization and role in lignocellulose degradation are well documented (for a review, see reference 12). The production of extracellular peroxidases by actinomycete bacteria has been described (11, 23, 34) , but evidence for the involvement of this peroxidase activity in the degradation of lignin is ill defined (11, 27) . The intracellular peroxidases of streptomycetes have also been specifically studied in relation to their role in the biosynthesis of halogenated antibiotics (32) .
Extracellular peroxidases would be expected to have improved stability over their intracellular counterparts, particularly those from thermophiles (15) , and thus have potential for applications in, for example, diagnostic kits. Actinomycetes are a potentially rich source of peroxidases for introduction into a market that is substantial and almost totally dominated by horseradish peroxidase (HRP), which is both well characterized and highly active. Peroxide-dependent oxidation of luminol by HRP is the basis of a number of diagnostic immunoassays (29) and the enhanced chemiluminescence system for nonradioactive detection of nucleic acid hybridization (28) . Screening actinomycetes for extracellular peroxidases is hampered by the need to preconcentrate culture supernatants, but in this paper we describe a novel use of the chemiluminescent assay with the Amerlite analyzer (Amersham PLC, Bucks, United Kingdom) to examine a taxonomic range of actinomycetes for extracellular peroxidase activity. This enabled the identification of a group of high-level extracellular peroxidase producers, and in these strains peroxidase activity was also determined with other assay systems. The objective was to evaluate the reliability and applicability of a range of available assays for the determination of actinomycete peroxidase activity.
Strains and culture maintenance. Actinomycete strains (Table 1) were routinely cultured on L-agar (14) plates or slopes and maintained as suspensions of spores and hyphal fragments in 20% (vol/vol) glycerol at Ϫ70ЊC. Streptomyces thermoviolaceus and Streptomyces strain EC22 were routinely cultured on a complex solid medium (pH 7.2) that contained (in grams per liter) D-glucose, 4; malt extract (Amersham), 10; yeast extract (Amersham), 4; and agar, 15.
Growth conditions for enzyme preparations. Aliquots (2 ml) of sterile distilled water suspensions of sporulating growth were used to inoculate 250-ml shake flasks containing 40 ml of basal salts medium (4) supplemented with 0.6% (wt/vol) yeast extract and 1.0% (wt/vol) ball-milled wheat straw. Cultures were incubated for up to 14 days with shaking at 200 rpm at 30, 37, 45, or 50ЊC (Table 1) . After incubation, cultures were harvested by centrifugation (6,333 ϫ g for 25 min at 4ЊC). Culture supernatants were used as crude extracellular enzyme preparations and stored at Ϫ20ЊC until required. The protein concentration of enzyme preparations was determined with a protein assay kit (Bio-Rad Ltd., Hemel Hempstead, United Kingdom) based on the method of Bradford (7) . The protein content of bacterial cell pellets was used as a measure of growth (4) . Protein concentration was determined by boiling cell pellets resuspended in 10 ml of 1 M NaOH for 20 min. A homogeneous 1-ml sample was removed, placed in an Eppendorf tube, and centrifuged at 12,000 ϫ g for 2 min. The protein concentration of the cleared supernatant was determined as described above.
Assay of peroxidase activity by measurement of chemiluminescence. This assay was carried out with an Amerlite analyzer (Amersham PLC), which is a self-contained, microprocessorcontrolled, integrated luminescence reader and data-handling system. It is a bench-top instrument capable of reading luminescence from enzyme-linked immunosorbent assay (ELISA) plates by passing the wells under a photomultiplier tube. The software contained within the analyzer allows production and storage of a standard curve and printing of all values to four decimal places. The analyzer is sufficiently sensitive to detect the chemiluminescence produced by 1 pmol of HRP.
To each well of the analyzer was added 100 l of sample and an equal volume of 100 mM hydrogen peroxide. All values obtained were plotted against an HRP standard curve, and peroxidase activity was expressed as picograms per milliliter of HRP equivalents per milligram of protein. All assays were carried out in quadruplicate, and a new standard curve and controls were prepared for each microtiter plate used. Controls included distilled water in place of hydrogen peroxide and/or sample and enzyme preparations inactivated by boiling. All chemicals, except for HRP (Sigma), were purchased from Amersham PLC.
Spectrophotometric peroxidase assays. Concentration of culture supernatants was found to be necessary as the assay procedures were not sufficiently sensitive to detect the low levels of peroxidase activity present in culture supernatants. Ultrafiltration was found to be the best method for the rapid concentration of samples as it was nondenaturing and did not involve chemicals that could potentially interfere with peroxidase assays. A 200-ml ultrafiltration cell (Amicon Ltd., Gloucester, United Kingdom) fitted with 62-mm-diameter YM10 ultrafilters (10,000 Da cutoff) was used for preparation of 20-fold concentrated samples for the spectrophotometric assay experiments. Cultures were grown as described above except that the medium of James and Edwards (17), with glutamate replaced by 0.6% (wt/vol) birchwood xylan (Sigma), was used for S. thermoviolaceus, and for Streptomyces strain EC22, ballmilled wheat straw in the basal medium was replaced with 0.6% (wt/vol) birchwood xylan.
All of the spectrophotometric peroxidase assays were standardized as far as possible prior to use. A final volume of 1.0 ml of reaction mixture contained 100 mM potassium phosphate buffer (pH 7.0) (BDH Ltd., Poole, United Kingdom), 50 mM hydrogen peroxide (Sigma), 200 l of concentrated culture supernatant, and 200 l of peroxidase substrate ( Table 2 ). All assay reactions were initiated by the addition of 200 l of hydrogen peroxide, and changes in absorbance at the relevant wavelength (Table 2) were monitored with a Lambda 5 UV/ VIS spectrophotometer (Perkin-Elmer Ltd.). One unit of en- zyme activity was expressed as the amount of enzyme which produced an increase of 1.0 absorbance unit per minute. The only variations on this common reaction scheme were the phenol red manganese peroxidase assay and the N,N,NЈ,NЈ-tetramethyl-p-phenylenediamine (TMPD) peroxidase assay, and these are detailed below. Phenol red manganese-dependent peroxidase assay. A final volume of 5.0 ml of reaction mixture contained 100 mM potassium phosphate buffer (pH 7.0), 0.1 mM MnSO 4 , 0.1 mM phenol red (BDH Ltd.), 50 mM H 2 O 2 , and 1.0 ml of concentrated culture supernatant. The reaction was initiated by the addition of H 2 O 2 . At 1-min intervals, a 1.0-ml sample was removed and added to 40 ml of 5M NaOH to stop the reaction, and the A 610 of each sample was measured.
TMPD peroxidase assay. A final volume of 1.0 ml of reaction mixture contained 100 mM potassium phosphate buffer (pH 7.0), 20 mM TMPD (Sigma), 50 mM H 2 O 2 , and 200 l of concentrated culture supernatant. The reaction was initiated by the addition of 200 l of H 2 O 2 . After 5 min, the reaction was stopped by the addition of 1.0 ml of a 40:1 mixture of methanol:phosphoric acid (85%), and the A 563 was measured. Heat-inactivated enzyme preparations and reaction mixtures without enzyme were used as controls because of the rapid auto-oxidation of TMPD in air (9) . A fresh stock solution of TMPD was prepared daily.
Screening for peroxidase activity. The Amerlite analyzer designed for HRP-based ELISA was applied here for the rapid and sensitive screening of actinomycete culture supernatants for peroxidase activity. A total of 39 strains, selected to represent a taxonomic diversity of biodegradative actinomycetes, were screened in this way. The results are presented in Table  1 , where both the ubiquity of extracellular peroxidase and a wide range of activity levels are demonstrated. A large number of strains produced a moderate amount of activity (ca. 2 to 8 pg ml of HRP equivalents Ϫ1 mg of protein
Ϫ1
), a few produced little or no activity (Ͻ1), and five strains could be identified as high producers (Ͼ10). In all cases, the reaction was shown to be hydrogen peroxide-dependent and thus due to peroxidase activity. Furthermore, the expression of peroxidase activity as a function of cellular protein concentration enabled comparison of peroxidase production independent of differences in growth yield among this diverse collection of actinomycete strains.
Previous studies on actinomycete extracellular peroxidase have been concentrated on the possible role of this activity in lignin degradation by selected strains, and the data presented in Table 1 enable a number of observations. It was confirmed that Streptomyces viridosporus T7A produces high levels of extracellular peroxidase as described previously (24), but Streptomyces badius 252, also reported as a high peroxidase producer (23), was not distinguished here. Both of these strains have been studied as lignin-degraders (6), and their peroxidase activity has been regarded as significant in this respect (1) subsequent to the correlation between extracellular peroxidase and lignin degradation by wood-rotting fungi (30) . Although the correlation between extracellular peroxidase activity and lignin degradation by actinomycetes has been questioned (11, 15, 27) , it is interesting that the best peroxidase producers identified here (Table 1) have previously been shown to exhibit some of the characteristics of the model lignin-degrading fungus, P. chrysosporium. That is, Streptomyces strains EC1 and EC22, Thermomonospora mesophila BD123, and Amycolata autotrophica DSM 43099 can decolorize the polymeric dye Poly R, oxidize veratryl alcohol to veratraldehyde, and utilize highmolecular-mass (Ͼ100,000 Da) fractionated Kraft lignin as a growth substrate (2) . Evidence for activity against lignin and related substrates by all of these strains has also been reported elsewhere (3, 11, 13, 21) . Therefore, it is concluded from the data presented here, that while extracellular peroxidase activity is common among actinomycetes, the best producers tend to be those strains for which there is evidence of activity against the lignin component of lignocellulose.
Evaluation of spectrophotometric peroxidase assays. Application of the Amerlite system can be used to identify good producers of peroxidase activity in untreated culture supernatants, but the apparatus is not widely available nor does it permit a truly quantitative approach to the assay of activity. A range of spectrophotometric assay procedures are available, and we were interested in evaluating them for routine determination of actinomycete extracellular peroxidase activity. For these experiments, two strains, Streptomyces strain EC 22, selected by screening, and S. thermoviolaceus, a peroxidase producer studied previously in this laboratory (15) , were used. Culture supernatants were concentrated prior to assay by ultrafiltration, which was selected because it is both nondenaturing and convenient to apply. A total of 10 conventional peroxidase assay procedures were applied to extracellular enzyme preparations from these two organisms. In all cases, assays in the absence of hydrogen peroxide were performed in parallel to demonstrate the peroxide dependence of the reaction.
The peroxide-dependent oxidation of veratryl alcohol has been frequently used as the procedure for lignin peroxidase determination in white-rot fungi, after Tien and Kirk (31) , but when applied here no activity was detected in S. thermoviolaceus preparations and only very low activity was detected in the concentrated culture supernatants of Streptomyces strain EC22 (Table 3 ). This lends support to the view that actinomycete extracellular peroxidase activity cannot be simply described as being due to lignin peroxidases. The manganese peroxidase of P. chrysosporium attacks lignin (33) , and there is evidence of intracellular manganese-dependent peroxidase in streptomycetes (11), so it was of interest to apply assays for this activity to these extracellular preparations. The effect of manganese on (Table 3) . These data do not permit any conclusions concerning a role for manganese in the extracellular peroxidase activity of either streptomycete, which would require detailed kinetic characterization of purified enzymes. Of the remaining assays, two were found to be unsuitable and the recorded activities are not presented: TMPD gave rapid increases in A 653 in the absence of hydrogen peroxide and enzyme; for both strains, high apparent activities were recorded with 2,2Ј-azinobis(3-ethylbenzothiazoline-6-sulfonic acid), but this assay was not found to be robust and a number of problems were encountered, including the absence of peroxidase-catalyzed reactions at Ͼ50ЊC or Ͻ pH 4.5 and degradation to a colored product that interfered with the assay results. The L-3,4-dihydroxyphenylalanine (L-DOPA), guaiacol, and pyrogallol peroxidase assays gave low activity values with Streptomyces strain EC22 and could not be applied to S. thermoviolaceus because of the generation of gas bubbles, probably due to extracellular catalase activity, that interfered with the reproducible determination of absorbance. The L-DOPA assay has been commonly used in previous studies of actinomycete peroxidases (3, 20, 23, 24, 34 ), but we found the reproducibility to be relatively poor (Table 3) , probably due to the extreme light sensitivity of the substrate. The data of Winter and coworkers (34) , in which many actinomycete strains tested positive with L-DOPA compared with 2,4-dichlorophenol (2,4-DCP), also suggest interference due to nonspecific oxidation of the substrate.
Our data (Table 3) show that the peroxide-dependent oxidation of 2,4-DCP is the assay procedure that gives the best combination of high activity and reproducibility. We also found the substrate and assay procedure to be stable at extremes of temperature and pH (data not shown) and therefore recommend its application in the determination of actinomycete extracellular peroxidase activity. 
